Density functional calculations have been performed to study the interaction of oxygen with clean and defective pyrite (100) surfaces. Molecular adsorption states are predicted to undergo dissociation because atomic chemisorption is far more favorable thermodynamically for all surfaces. On the defect-free FeS2 surface molecular adsorption takes place on neighboring iron sites in a side-on fashion. S-adatoms react weakly with O2 whereas S-vacancies bind very strongly molecular oxygen. Dissociative chemisorption on clean surface prefers the sulfur atoms to iron in sharp contrast to water adsorption. Reaction with atomic oxygen is thermodynamically preferred on the defect sites when they are available. Oxidation can fully eliminate the S-adatom sites by SO2 formation. The most favorable sites for oxidation are sulfur vacancies where O atoms can occupy the missing sulfur sites. The predicted oxidation states and their relative stabilities are in agreement with experiments and expected to assist the interpretation of XPS measurements.
I. INTRODUCTION
Oxidation of pyrite plays an essential role in various environmental and technological processes.
1,2 Oxidation is more effective at the presence of water but employing dry O 2 also yields oxidation products at high O 2 dosages. [2] [3] [4] [5] [6] [7] Oxidation of pyrite present in minerals and coal during combustion processes in various industrial fields such as metallurgical processing, cement production or power production leads to harmful SO 2 emission. 8 A thorough understanding of the kinetics and themodynamics of pyrite oxidation is necessary to interpret and predict the decomposition and oxidation transformation of pyrite under different reaction conditions in industrial processes. 8 Aqueous oxidation of pyrite leads to formation of large amount of protons giving rise to acidification of wastewater from mines. 9 This is a serious problem and subsequent treatments require huge costs. 10 Oxidation can also alter the surface properties of pyrite, in particular its wettability and hydrophilicity which can change the efficiency of flotation technologies for separating pyrite from other, more valuable minerals. 2, 11 Pyrite has also emerged as a promising material for photovoltaic applications.
12 Facile oxidation is a problem also in this field because it can limit the potential scope of pyrite-based technologies.
A large number of studies have been carried out to investigate the surface properties of pyrite and in particular to identify and analyze various possible oxidation states. [3] [4] [5] [6] [7] 11, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Atmospheric oxidation has been mostly studied by synchrotron and conventional XPS, 3,4,7,11,13-24 but IR, 6 UPS, 5,13 SEM 24 and STM 5 have also been applied to identify surface oxidation products. Very few theoretical studies have been devoted to obtain atomic level understanding of the interaction of O 2 with FeS 2 surfaces. Hartree-Fock calculations have been used to identify oxidation products at iron sites of small FeS 2 clusters representing different surface facets and sites. 5 They predicted the dissociation of O 2 is energetically more favorable then physisorption, in agreement with experiments despite the limitations of the selected method and models. Periodic calculations have been performed to elucidate the mechanism of the oxidation of the stoichiometric FeS 2 surface in the presence of water. 29 The results revealed the crucial role of the surface O 2− and OH − species in the oxidation cycles of the surface.
In this paper we compare the reactivity of clean and defective (100) FeS 2 surface toward O 2 and give a quantitative analysis of the various oxidation states formed by molecular and dissociative O 2 chemisorption on the basis of periodic DFT calculations. Our aim is to provide atomistic details about the initial stages of the reaction of FeS 2 with O 2 without the presence of other potential reactant molecules. In particular we contrast the affinities of the surface iron and sulfur sites toward oxygen and compare the reactivities of the different sulfur sites.
II. MODELS AND METHODS

FIG. 1:
Our simulation cell for a typical oxidation situation (molecular adsorption in the presence of a S adatom). Color coding: red -O, yellow -S, brownFe, white -H.
The calculations have been performed using the VASP code. 30 The electronic structure is described within the spin-polarized density functional framework employing the PW91 functional.
31 A plane-wave basis set in conjunction with the PAW method 32 has been used with a cutoff of 450 eV. The computed lattice constant of FeS 2 is 5.415Å in nice agreement with experiment (5.428Å). 33 The calculated band gap is 0.80 eV which is in good agreement with the experimental value of 0.95 eV.
12 For the adsorption states we have used a 2 × 2 orthorombic surface supercell with a = b = 10.830Å and c = 21.661Å. The pyrite slab was 9 atomic layers thick and a ∼ 10Å vacuum layer separates it from its periodic images in direction c. The bottom three layers have been kept fixed during the calculations. In order to prevent interactions between the two surfaces and to recover the bulk-like character of the lower layers the bottom iron atoms were terminated with water molecules. 34 Without termination spin density can appear also at the bottom surface, but water termination can efficiently eliminate this artifact. The complete simulation model is depicted in Fig.  1 . Dipole corrections 35 accessible in VASP have been included for all systems. We have used a 3 × 3 × 1 Monkhorst-Pack k-point set to sample the Brillouin zone which has been shown to be sufficient to obtain structural and energetic properties within the aspired accuracy (0.001Å and 0.02 eV/Å 2 ). 36 Activation barriers have been calculated using the nudged elastic band method 37, 38 as implemented in the VASP code. Bader charges 
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It is well-known that rupture of S-S bonds can occur during pyrite fracturing yielding surfaces with S-vacancy and S-adatom. In fact, experiments predict that 29% of the broken bonds are S-S bonds.
17 Therefore three different surfaces were considered. The stoichiometric (100) surface slab represents the perfect pyrite cleavage. For the defective (100) surfaces the slab models contain either a single S-vacancy or its fracture counterpart, a single S-adatom on an otherwise 5-coordinated surface iron within a unit cell.
III. RESULTS
A. Molecular adsorption
We have probed a large number of adsorption configurations on the three different surfaces. Both the molecular and dissociative states have been considered. First we discuss the molecular adsorption states of O 2 . The most stable configurations are depicted in Fig. 2 . On the clean surface the most stable molecular configuration for O 2 is a side-on configuration, where two neighboring Fe atoms interact with the O 2 molecule. The O-O bond is elongated with respect to the gas-phase 1.234Å to 1.374Å indicating peroxide formation which is further supported by a 0.3 e charge transfer to the O atoms from the pyrite slab as indicated by the Bader charges. Still, the ground state preserves the triplet spin state of the molecular oxygen. The adsorption energy is -0.89 eV, slightly higher than that obtained in Ref. 29 (-0.72 eV) for the same adsorp-tion state. 41 In contrast, Hartree-Fock (HF) calculations employing small clusters predicted -0.4 eV adsorption energy.
5 Adsorption of O 2 on a single surface iron in an end-on configuration is slightly less stable (-0.72 eV, again slightly higher than that predicted in Ref. 29: -0.61 eV for this adsorption state). This form can be described as a superoxide state with a slightly elongated O-O bond (1.303Å). In this case an asymmetric charge distribution can be seen by inspecting the Bader charges: 0.3 e charge on the O atom binding to Fe whereas 0.2 e is localized on the farther O atom. Molecular adsorption on a sulfur site is not favorable. For this case we obtained a very small (-0.05 eV) adsorption energy which clearly indicates that molecular oxygen binds preferably to surface iron sites. When the surface features a defect ( Fig. 2 B, C) the O 2 can react with either the defect site or with a normal surface atom. In the case of an S-adatom, the most stable adsorption configuration is again the side-on configuration with -0.77 eV adsorption energy. This state is quite similar to that observed for the clean surface, although with a slightly smaller adsorption energy. This -0.12 eV discrepancy may be due to a possible interaction with the S-adatom, but may also be ascribed to the typical technical limitations expected in the calculations. End-on adsorption on a single surface Fe is less favorable by 0.1 eV (-0.64 eV). This difference is very similar to what we found for the clean surface and points to a limited effect of the S-adatom on the O 2 affinity of the neighboring irons. Even less favorable is the molecular adsorption on an S-adatom yielding only -0.4 eV reaction energy. In contrast, when an S-vacancy site is available, the O 2 molecule forms a very stable peroxo-complex with it releasing -2.23 eV reaction energy. Its bond length is increased to 1.416Å, only slightly shorter than a typical peroxo bond (1.48Å). The large stability of this state is due to the three simultaneous Fe-O bonds formed between the O 2 and the vacancy (Fig. 2C) . Indeed, one of the oxygen atoms occupies the position of the S-vacancy forming bonds with the two neighboring 4-coordinated iron ions, whereas the other oxygen atom forms bond with the closer iron site. This adsorption state is spinunpolarized, in accordance with the large number of oxygen bonds.
B. Dissociative adsorption on clean surface
Before discussing the dissociative forms let us compare the reactivity of the sulfur and iron sites of the clean surface. To this end we considered the adsorption of a single oxygen atom on both sites and compare the reaction energies of the hypothetical processes:
The reaction energies are -1.07 eV and -1.37 eV with a surface iron and sulfur atom, respectively. (The reaction energies implicitly include the dissociation of the O 2 molecule, ie. as indicated by the half mole of O 2 in the above equation. Interaction with a single O atom would yield a ∼ -2.6 eV higher energy release.
43 ) This 0.3 eV difference indicates that oxidation of the exposed sulfur atoms is preferred. The oxidation of the iron site results in the formation of a Fe-O double bond and triplet state implying a bonding mechanism which has been found earlier for the S-adatom 34, 42 . This is not surprising as both S and O are chalcogens and similar bonding situations were already seen in analogous chemical environment. 44 In fact double bonds are predicted for these situations 29, 34 and accordingly the calculated Fe-O bond length is 1.671Å. This value is much smaller than a typical Fe-O single bond (∼ 2.1Å).
29,46-48 and falls in the range of the double Fe-O bonds observed in ferryl compounds. 49 The S-O bond is spin-free and has a 1.503Å length indicating double bond also for this case.
Further insights can be obtained from the density of states (DOS-s) of the relevant atoms. Fig.  4 displays the DOS-s of the oxidized sites. For comparison we also show the DOS-s of the normal surface Fe and S atoms (Fig. 4 A) . The DOS-s from the surface atoms have been discussed several times earlier. 34, 42 . It has been shown that in the binding energy region of -16 --11 eV the sulphur s contributions can be found. Between -7.5 and -2 eV the contributions for the Fe-S σ bonds can be localized, followed by the iron 3d states till the edge of the valence band. Oxidation of a sur- face iron results in new bands at the 3d region: the partially occupied antibonding π * orbitals can be identified close to the gap whereas the two doubly occupied pi orbitals are found ca. 3 eV lower (Fig.  4 B) . It is also seen that a minority spin 3d orbital becomes empty due to the oxidation state change of iron. Additional changes at the lower energy Fe-S σ region are due to the mixing of the Fe-O and Fe-S σ orbitals. As Fig. 4 C shows, the oxidation of a surface S is accompanied by the mixing of the S-O σ orbitals with the original Fe-S and S-S bonds. The sharp new band around -1.4 eV indicates the formation of a S-O π bond.
Why does oxygen atom have higher affinity toward surface sulfur than iron? To explain the origin of this difference we note that surface sulfur atoms have doubly occupied dangling bonds (lone pairs) whereas surface iron atoms hosts empty dangling orbitals.
2,46,50 Binding of oxygen atom on the surface is a redox process and as such it is always accompanied with the reduction of the oxygen and oxidation of its bonded counterpart (electron transfer to the O atom). A surface sulfur atom can easily form bond with the oxygen atom via its lone pair. In contrast, bond formation with a surface iron requires that the Fe ion form an Fe(IV) ion by donating electrons via its originally empty dangling orbital to the O atom (see also Fig. 4 B) . A different mechanism occurs when water (or H 2 S) is adsorbed on the surface (Lewis acid-base reaction): the empty dangling orbitals on iron can easily bind the water molecules by overlapping with one of the lone pairs of the water oxygens, whereas sulfur atoms repel water because of the repulsive interaction between the fully occupied lone pairs.
46,47
Before discussing the various dissociative scenarios we note that the calculated barrier of the migration of an O atom from a normal iron to a sulfur site is 0.58 eV. Using the simple Arrhenius approximation for the rate: k = ν exp(−E act /RT ) where ν is a typical Fe=O frequency 45 of 800 cm −1 we obtain at room temperature ∼ 0.3 ms for the time-scale of this migration (k ∼ = 3800 s −1 ) which is faster than a typical experimental time-scale. As the sulfur oxidation is more favorable by -0.3 eV, the reverse barrier is larger (0.88 eV) and implies a much less likely process.
Turning to the dissociation of O 2 on FeS 2 surfaces we considered first the clean, defect-free surface. Three different situations have been probed: oxidation of Fe atoms, oxidation of S atoms and mixed (Fe and S) oxidation. The most stable dissociative configurations obtained for these cases are shown in Fig. 3 . We note that various other configurations were also calculated but turned to be less favorable. The calculated energies clearly show that dissociative chemisorption is thermodynamically far more favorable then molecular adsorption. This implies that molecular O 2 adsorbed on the surface is expected to undergo dissociation. As it can be anticipated on the basis of the individual reaction energies obtained for a single oxygen atom, the simultaneous oxidation of two sulfur atoms is the most favorable process (-2.58 eV), whereas the oxidation of iron sites yields the smallest reaction energy (-1.99 eV). In all cases the reaction heats are very close to the sum of the oxidation energies of the individual sites indicating small interaction between the adsorbates. This implies that the so-called proximity effect predicted and observed in simultaneous O 2 and water adsorption cannot be applied in the present cases. 4, 5, 51 In line with this finding the Fe-O and S-O bond lengths are the same as those found for the isolated oxides (within a few thousandths of anÅ) in all cases. Note that HF calculations using small (27-atom) cluster resulted in a much larger adsorption energy (-18.6 eV) on iron sites. 5 This huge discrepancy can be attributed to the limitations of the HF method and the cluster approximation.
Regarding the kinetics of the formation of the various stable states on the clean surface we found that the dissociation of the O 2 molecule in its stable side-on configuration (Fig. 2 A) requires 0.3 eV activation energy and yields the oxidation of two neighboring Fe sites. The stable states shown in Fig. 3 are formed by subsequent O migrations, which require 0.58 eV activation energy as discussed above. This implies that the rate determining step leading to these stable oxidation states is the migration, not the dissociation of the adsorbed O 2 molecule. When a sulfur adatom is present, the surface becomes significantly more reactive. This is partly due to the presence of unpaired spin dominantly localized on the adatom site 34, 42 but also to the more reduced, -2 oxidation state of the exposed sulfur atom as compared to the -1 state of the normal surface and bulk sulfur atoms. 34 . Indeed measurements have convincingly indicated this undercoordinated S site to be the most sensitive to oxidation. 7, [19] [20] [21] [22] [23] 25, 52 The most favorable process in the presence of the S-adatom is the formation of an SO 2 molecule with the defect sulfur releasing substantial reaction heat (-3.96 eV). The product SO 2 of this process is adsorbed on the iron site and its desorption would require 0.72 eV energy investment which is available from the preceding oxidation. This desorption can be irreversible in practice consuming all the S-adatom sites from the surface. Simultaneous oxidation of the S-adatom and either a sulfur or an iron site is less favorable. The energy difference between these two possible products are in agreement with that obtained for the monooxide states (∼ 0.3 eV). The higher reactivity of the S-adatom is also reflected by its smaller bond length formed with a single oxygen (1.494Å). In contrast, the other O atom forms the typical oxide bonds with the normal surface atoms as seen before. In case of SO 2 formation the adsorption slightly lengthens the S-O bond interacting with the surface iron (1.514Å), whereas the other becomes even stronger (1.464 A). The SO 2 adsorption takes place via a single Fe-O bond (2.051Å). The calculated activation energies again show that the migration of O atoms on the surface are the rate determining steps leading to the formation of these states from the molecular adsorption states. Indeed dissociation of an O 2 molecule in its preferred configuration in the presence of an S adatom (Fig.  2 B) requires only 0.18 eV activation energy and leads to the immediate oxidation of the S adatom, whereas the other O atom rests on the iron sites (cf. Fig. 5 B) . We have also calculated the activation energy necessary to the direct oxidation of the S-adatom to SO 2 when the O 2 molecule is adsorbed on it. This barrier is 0.39 eV which is again reasonably small and supports the high reactivity of these sites.
From the various oxidation forms occurring on this surface we have selected the mono-oxidized S-adatom for DOS calculation because the electronic structure of this configuration has some peculiarities Fig. 6 B shows the atomic DOS-s for the relevant Fe-S-O unit. We can see that the original Fe-S π and π * orbitals 34 overlap with the new S-O π orbitals (around -5.5 eV and -1.1 eV). Similarly we can notice the rehybridization of the Fe-S and S-O σ orbitals (around -11 eV). In other words the DOS-s indicate several 3-center bonds for this Fe-S-O unit.
A sulfur vacancy on the (100) FeS 2 surface has also been measured to be quite reactive. 7, 14, 15, [18] [19] [20] [21] [22] [23] 25, 50 Although the vacancy is shown to be spin-unpolarized, 34,48 the presence of two 4-coordinated iron ions significantly increases the reactivity of the site. 48 In addition, the undercoordinated S atom remaining in the vacancy due to the rupture of a S-S bond is also shown to be in its possible most reduced, -2 oxidation state 34, 50, 52, 53 implicating also higher reactivity. The possible structural variants of the dissociative adsorption of O 2 involving the vacancy are shown in Fig. 7 . One of the oxygens occupies Fig 4 A) .
The calculated activation energy of the dissociation of an O 2 molecule in a S-vacancy (see Fig.  2 C) is 0.16 eV. This process results in the oxidized state depicted in Fig. 7 A. Subsequent O migrations will lead to the oxidation of a surface S which are in fact the rate determining steps with 0.58 eV activation barriers as pointed out in the earlier cases. 
IV. DISCUSSION
A couple of general conclusions can be drawn from the calculations. First, however, we note that the present calculations intend to look into the very first step of dry oxidation of pyrite surfaces: it represents the exposure of the (100) surface to an O 2 dosage of 0.3 langmuir. 54 Therefore, comparison of the present theoretical results with the experimental spectra obtained for larger doses must be done with care. Both molecular and dissociative O 2 adsorption prefers the S-vacancy sites most. However, when these sites are not available, the situation is different. Oxygen binds molecularly to iron sites, but after dissociation it clearly prefers the sulfur sites on the surface. Experiments have long indicated that the (100) pyrite surface is very stable and first the most reduced sulfur components are oxidized in the presence of O 2 . 6, 17, [19] [20] [21] [22] [23] . Calculations have already shown that both sulfur defect sites have a nominal oxidation number of -2, whereas the other S atoms are in their -1 oxidation state. 34, 42 Therefore the calculated high reactivity of these sites is in perfect agreement with experiment. However, there is a disagreement in the literature regarding the reactivity differences of the various sulfur and iron sites. Several studies suggest that oxidation of surface sulfur sites precedes the oxidation of iron site. 17, 19, 22 Others propose that iron sites react faster than sulfur sites. 2, 5, 6, 25 At the origin of this controversy can be the sensitivities of the XPS analysis 25 and other factors (e.g the time resolution of the measurements to capture fast reaction steps). We can reconcile theory and experiment if we recall that in all surfaces considered here the molecular adsorptions resulted in Fe-O bond formations. Only in the case of S-vacancy we could obtain S-O bond as well. In contrast the dissociative adsorptions yielded both sulfur and iron oxidations in the presence of surface defects. The calculated activation energies showed that these processes are feasible even at room temperature. Therefore the proposed sequence of molecular adsorption on surface iron sites and S-vacancy sites followed by dissociative adsorption producing oxidized iron and sulfur states brings theory and experiment into agreement.
V. CONCLUSIONS
In summary our periodic DFT calculations revealed the following plausible sequence of reaction steps for the incipient oxidation of pyrite surface: O 2 in molecular form adsorbs on iron sites in a side-on configuration before finding the most favorable S-vacancy sites. After dissociation oxidation of sulfur sites are preferred although oxidation of iron sites are also favored thermodinamically. In particular the oxidation of S-adatom and saturation of S-vacancies are highly favorable at the initial stage of oxidation. This sequence is in agreement with experimental observations and provides important insight into the incipient oxidation of pyrite.
VI. ACKNOWLEDGMENT
Support of OTKA Grant K101115 and computational resources provided by NIIF Supercomputer Center are acknowledged.
